Abstract. ultraviolet B radiation (uvB)-induced dna damage such as cyclobutane pyrimidine dimers (cPds) and (6-4) photoproducts (6-4PP) in mouse epidermal keratinocytes (Pam212) was suppressed by pre-irradiation administration of two autooxidation-resistant vitamin c derivatives, ascorbic acid (asc)-2-O-phosphate (asc2P) and dehydro-asc, but not by asc or asc-2-O-α-glucoside (asc2g). according to Western blot analysis of the uvB-irradiated keratinocytes, expression of the tumor suppressor gene p53 was immediately enhanced from low pre-irradiation levels to the nearly maximum level at 2 h post-irradiation. in contrast, the p53-antagonizing oncogene mdm2 was scarcely expressed at 0-1 h post-irradiation, but was drastically enhanced at 2-3 h post-irradiation, eventually paralleling p53 expression. This suggests that the period for the actual effective function of p53 proteins may be restricted to the initial 0-3 h after uvB irradiation. p53 expression reached the maximum at 3 h post-irradiation and remained unchanged until at least 6 h, reaching its maximum at uvB doses of 20-100 mJ/ cm 2 -nearly equal to the minimum erythema dose (Med) or to the doubled score for human skin. However, at 200-500 mJ/ cm 2 , p53 expression was markedly suppressed. This suggests a risk for potential photocarcinogenesis at doses greater than double the Med. uvB-induced p53 expression was notably suppressed by asc2P or dehydro-asc, but not by asc. nuclear expression of the wild-type p53 gene (wt-p53) was markedly promoted at 6 h post-irradiation, and significantly suppressed by asc, asc2g or dehydro-asc, as well as by asc2P. in contrast, mutation-type p53 (mt-p53), which is known to interfere with wt-p53 function, was not markedly expressed in the nuclei and was explicitly suppressed by asc2P but not by asc, dehydro-asc or asc2g, which was not cytoprotective against uvB. Thus, compared to non-cytoprotective asc or the other derivatives, asc2P suppressed uvB-induced cPd and 6-4PP formation, resulting in both cytoprotective effects and the preferential suppression of mt-p53 over wt-p53.
Introduction
Skin undergoes oxidative stress attributed mainly to direct exposure to sunlight, and therefore needs to be protected against ultraviolet (uv) radiation injuries. a defensive role against external stress is played by the epidermis, which consists of keratinocytes and melanocytes, rather than by the dermis. keratinocytes undergo repeated cell division and differentiation and cope with various stresses from the inside and outside of an organism. it is well known that active oxygen species (roS) contribute to this oxidative damage; however, dermal ROS-scavenging ability is insufficient on its own, and it is thought that the antioxidation ability of keratinocytes needs to be enhanced.
uv radiation causes various types of injuries, including dna strand cleavages (1) (2) (3) and pyrimidine base damage such as cyclobutane pyrimidine dimers (cPd) and photoproducts (6-4PP) (4) . These contribute to cell senescence and deterioration as well as to cellular multiplication and differentiation (5, 6) . repair of dna damage is necessary for the restoration of complete cellular function when mutations and deletions occur in key genes. cells suffering from extensive irreparable uv-induced dna damage should undergo apoptosis initiated by the translocation of p53 proteins to the nucleus and their accumulation in the genetic transcription loci of the target gene. The cell cycle is transiently arrested in the g1 phase by p53 proteins when dna damage is sustained, and its resumption is delayed in order to stall for dna repair time; in turn, cells failing to repair themselves undergo apoptosis in order to prevent carcinogenesis (7) . MDM2 proteins induced by p53 gene expression specifically bind to the transcriptional locus of the p53 gene and, as a result, play a role in the inhibition of the transcription activity of p53 and the decomposition of p53 proteins (8) . variations in p53 protein function are known to exert a malignant rather than a neutral effect (9, 10) , since variant p53 acts in a dominant negative fashion to hinder the normal function of wild-type p53 (wt-p53) (11, 12) .
Furthermore, diverse types of roS, which are harmful to the execution of cellular functions, are generated when cutaneous tissues are irradiated with uv rays (13) . roS is so labile that it injures protein lipids and dna, which are biogenic components (14) .
Therefore, in the present study, ascorbic acid (asc) and its derivatives were examined in terms of dna defense against uv lesions, since asc scavenges roS in the aqueous phase more rapidly than the numerous endogenous antioxidants in an organism (15) . in addition, the differential expression of the wt-p53 and mt-p53 genes was examined in conjunction with the preventive effects of asc derivatives in dna lesions.
Materials and methods
Cell culture. Mouse epidermal keratinocytes (Pam212) were a generous gift from dr T. Fujimoto (kyoto university). Human skin fibroblasts (Fibro2Y cell line) were a generous gift from dr M. ichihashi (kobe university). cells were cultured in Dulbecco's modified Eagle's medium and minimum essential medium supplemented with 4 mM l-glutamine, 10 u/ml penicillin, 5 µg/ml streptomycin and 10% fetal bovine serum (FBS) in a 5% co 2 humidified atmosphere at 37˚C.
Ultraviolet irradiation. cells grown to the logarithmic phase were seeded at densities of 0.25-2.0x10 4 cells/cm 2 in a 100-mm dish or glass slide so as to proliferate to the subconfluent state. Subsequently, asc (Sigma-aldrich, Tokyo, Japan), asc-2-O-phosphate (asc2P) (Showa denko inc., Tokyo, Japan), asc-2-o-α-glucoside (asc2g) (Wako Pure chemicals co., osaka, Japan) or dehydro-asc (Sigma-aldrich) was administered to the cells for 2 or 24 h. after aspiration or rinsing with phosphate-buffered saline (PBS), cells were irradiated or not with a Spectronics uv trans-illuminator eBF-260 (maximal wavelength, 312 nm; half-peak intensity range, 297-328 nm) under moistening conditions so as to prevent dryness. uv intensity was calibrated with an ieda uv response meter vlX-312.
Slot blotting. cells processed by each method were collected and washed twice in PBS. dna was extracted with a dna extraction kit (Wako), colorimetrically quantified with Hoechst 33258 (Wako) and restrictively digested with BamH1 (gibco Brl, ca, uSa). The extracted dna was transferred to a membrane (Zeta-Probe Blotting Membrane; Bio-rad, ca, uSa) using a dot blotter (Sanplatec, osaka, Japan). after washing with 2X saline sodium citrate, the membrane was blocked with 5% evaporated milk in TBS for 2 h. anti-cPd and anti-6-4PP antibodies (a generous gift from dr nikaido, kanazawa university) were incubated with the cells for 1 h at room temperature. after washing four times with TBS-T buffer (0.05% Tween-20 in TBS), cells were incubated with horseradish peroxidase (HrP)-conjugated protein a (amersham, uk) for 45 min at room temperature, and then visualized by electrochemiluminescence (ecl) (amersham). The density of the band was evaluated by niH image software.
Western blot analysis. cells processed by each method were harvested, treated with lysis solution (50 mM Tris-Hcl pH 8.0, 1 mM edTa, 150 mM sodium chloride, 1 mM dTT, 1% nP-40, 1 mM PMSF, 10 µg/ml aprotinin, 10 µg/ml leupeptin) and frozen at -80˚C. After thawing, the cells were ultrasonically crushed on ice for 5 sec and separated by refrigerated centrifugation. The resulting supernatants were electrophoresed on an SdS-Page plate, and the collected protein was electrically transferred to a membrane (Millipore, Ma, uSa). The membrane was blocked with 5% evaporated milk in TBS for 2 h, and then the cells were incubated with the primary antibodies Figure 1 . dose-dependent formation of dna damage, such as cyclobutane pyrimidine dimers (cPd) and (6-4)photoproducts (6-4PP), in mouse epidermal keratinocytes (Pam212) irradiated with graded doses of uvB. uvB-irradiated cells were immediately fixed and stained with antibody (Ab) against CPD or 6-4PP as well as FITC-conjugated anti-IgG Ab, and subjected to fluorography. The resulting fluorescence intensity was processed to be artificially colorized with gradation from red to purple in the rainbow-color gauge in accordance with FITC-based fluorescence intensity.
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(anti-p53, anti-MdM2; Santa cruz, ca, uSa) for 1 h at room temperature. after washing with TBS-T, cells were incubated with HrP-conjugated secondary antibody (Santa cruz) for 1 h at room temperature, and then visualized by ecl.
Immunocytochemical staining of wild-type p53, mutated p53 or MDM2. cells were seeded onto glass slides and treated by each processing method, then fixed by immersion in ice-cold acetone for 10 min. Subsequently, the slides were washed four times with PBS and incubated with the primary antibodies [anti-wt-p53, mutation-type p53 (mt-p53), anti-MdM2] for 45 min at room temperature. after washing another four times with PBS, the slides were incubated with FiTc-conjugated secondary antibody (Zymed laboratories inc., San Fransisco, ca, uSa) for 35 min. The reaction was terminated after washing four times with PBS, and was examined using a Bio-Rad confocal laser fluorescence scanning microscope.
Detection of cyclobutane pyrimidine dimers and (6-4)photoproducts. cells processed by each method were seeded onto glass slides and fixed by immersion in ice-cold 70% ethanol for 15 min, then frozen at -20˚C. The slides were treated with 70 mM sodium hydroxide for 2 min and washed three times with PBS, then treated with proteinase k for 15 min at room temperature. Slides were blocked with 10% FBS in PBS for 30 min and washed three times with PBS, then incubated with the primary antibodies (anti-cPd, 6-4PP) for 40 min. after washing another three times with PBS, FiTc-conjugated secondary antibody was added and reacted for 40 min. The reaction was terminated and examined as described above.
Results
Dependence of UVB-induced DNA base injuries on ultraviolet doses. Pam212 keratinocytes were irradiated with ultraviolet B rays (uvB) at the indicated doses, and the formation of dna base injuries, such as cPd and 6-4PP, was detected by immunocytochemical staining using an antibody against cPd or 6-4PP as well as a FiTc-conjugated anti-immunoglobulin antibody. cPd was markedly generated by uvB irradiation, even at doses as low as 20-50 mJ/cm 2 , and increased in a dosedependent manner with uvB doses of up to 200 mJ/cm 2 . 6-4PP was significantly generated by UVB irradiation at 20 mJ/cm 2 , but marked generation occurred at 50-100 mJ/cm 2 , a response less susceptible than that observed with cPd. 6-4PP was also increasingly generated in a manner dependent on the uvB dose, up to a dose of 200 mJ/cm 2 ( Fig. 1) .
Preventive effects of ascorbic acid derivatives on the formation of UVB-induced DNA base injuries. The inhibitory effects of asc and its derivatives (dehydro-asc, asc2P and asc2g) were examined in relation to the generation of cPd and 6-4PP. Pam212 keratinocytes were treated with 200 µM asc or asc derivates for 24 h before uv irradiation, and were then irradiated with uvB at 20 mJ/cm 2 . The resulting cPd and 6-4PP damage was detected by slot blotting. cPd and 6-4PP damage was markedly inhibited by 200 µM Asc2P or dehydro-Asc. Asc2P was efficiently converted to Asc, as shown in our previous study (12) . The inhibition rates for cPd formation were 20.7% for asc, 14.1% for asc2P, 13.2% for dehydro-asc and 0% for asc2g. The inhibition rates for 6-4PP formation were 36.5% for asc, 40.7% for asc2P, 45.3% for dehydro-Asc and 31.8% for Asc2G (Fig. 2) . In addition, 65 µM asc2P was administered at 2 h prior to uvB irradiation, and cPd and 6-4PP damage was inhibited even with the administration of uvB doses as high as 300 mJ/cm 2 (data not shown).
Effects of ascorbic acid derivatives on UVB-induced expression of p53 and MDM2. expression of p53 and MdM2 after irradiation with 20 mJ/cm 2 uvB was detected by Western blot analysis. increases in the expression of p53 were observed 1 h after uvB irradiation and peaked 2 or 3 h later. Thereafter, p53 expression was maintained at an almost constant level, at least after 6 h. in contrast, expression of MdM2 was delayed by 2 h compared to p53 expression, then increased and peaked 4 or 5 h later (Fig. 3) . expression of p53 and MdM2 was correlated with the UVB dose, confirmed by Western blot analysis.
at 6 or 10 h after uvB irradiation, p53 expression peaked at doses of 20-100 mJ/cm 2 , and was suppressed at higher doses. in contrast, MdM2 expression peaked at a dose as low as 10 mJ/cm 2 (Fig. 4) . After the administration of 65 µM Asc or of each asc derivative at 2 h prior to uvB irradiation, cells were irradiated with 10 or 20 mJ/cm 2 uvB. p53 expression at 6 h after UV irradiation was quantified by Western blotting. uvB-induced expression of p53 was inhibited by asc2P and dehydo-asc, which were shown to suppress cPd and 6-4PP damage, but not by asc. This result was similar to that observed in human and mouse keratinocytes (Figs. 5 and 6 ).
Ultraviolet B-induced differential expression of wild-type and mutated p53 and the effects of ascorbic acid derivatives.
anti-wt-p53 and anti-mt-p53 antibodies were used for immunocytochemical staining to detect the association between dna damage and the wild-and mutation-types of p53 that developed concurrently with uv-induced dna lesions and their asc-derivative-dependent suppression. at 6 h after 20 mJ/ cm 2 of uvB, wt-p53 proteins were strongly expressed within the nucleus, in contrast to the weaker expresison of mt-p53 proteins in the cytoplasm around the nucleus. administration of asc2P at 2 h prior to uvB irradiation moderately inhibited the expression of wt-p53 proteins and simultaneously markedly inhibited mt-p53 protein expression to the level observed before the abrupt increase. in contrast, administration of other asc derivatives at 2 h prior to uv irradiation enhanced the expression of mt-p53 proteins, although wt-p53 was inhibited (Fig. 7) . MdM2 expression was not induced by dehydro-asc or asc2g administration (data not shown).
Discussion
uv irradiation causes diverse types of dna damage, in particular cPds and 6-4PPs. These are formed when two adjacent pyrimidine bases are joined by a cross-link, mainly by means of the dna-directed action of uv radiation. in the present study, we showed that cPd and 6-4PP damage was generated in a dose-dependent manner by uvB irradiation. This damage was prevented by asc2P and dehydro-asc, but not by asc or asc2g. The results suggest that asc2P and dehydro-asc inhibit dna damage caused by radiation due to a dna base-directed energy-transfer action of the uvB rays, or that asc2P and dehydro-asc exert an antioxidant effect partially responsible for systemic assistance to cellular restorative and repair ability against uvB-derived wide-range injuries. on the other hand, uvB-induced dna damage may be attributed, at least in part, to an oxidative effect such as the uv-induced generation of roS, including singlet oxygen, which is considered to be scavenged by the oxidative decomposition-resistant vitamin c derivatives asc2P or dehydro-asc. alternatively, asc2P and dehydro-asc may contribute to complete-cellular holonic effects responsible for dna repair-supporting cellular stamina, attributed to asc2P-dehydro-asc-promoted antioxidant ability.
asc2P is esterolytically converted to asc by means of diverse ecto-enzyme types of phosphatases and taken up easily and continuously into the intracellular sphere via ascorbate transporters including SvcT-1 and -2, followed by the intracellular accumulation of higher concentrations of asc, as demonstrated in our previous studies (16) (17) (18) . asc and other asc derivatives do not exert this action in mouse epidermal keratinocytes in the presence of 10% FBS. in this respect, exogenously administered asc is so labile as to be oxidatively decomposed to diketogulonic acid and diverse reductones via dehydro-asc, whereas other asc derivatives, such as asc2g and asc-2-O-sulphate, scarcely undergo asc conversion due to extreme stability or low susceptibility to α-glucosidases or sulphatases lacking human or mouse skin cells and tissues upon cultivation with FBS (19, 20) . in our previous study (21) , we demonstrated that asc2P prevents the uvB-induced fragmentation of dna and apoptotic cell death through its conversion of asc and the enrichment and accumulation of intracellular asc. it has been suggested that intracellular asc inhibits roS generated by uv irradiation (22) and prevents dna damage through the normal maintenance of intracellular redox status. in addition, asc reduces α-tocopheroxy radicals and tocopherone cations in the aqueous phase-membrane interface and contributes to the regeneration of tocopherol functioning by inhibiting roS and free radicals within the cell membrane (23) . asc2P is a putative membrane-reinforcer that plays an immediate role in preventing membrane oxidative disruption through tocopherol recycling. in the present study, the possibility of uvB-protective effects, such as those exerted by titanium and zinc or the chestnut Castanea crenatat, was denied, since aspiration and rinsing were conducted before uvB irradiation so as to thoroughly remove extracellular asc2P.
at the same uvB doses, less dna damage was observed in keratinocytes than in fibroblasts. It has been reported that keratinocytes have higher dna-repairing activity, but are also more susceptibile to apoptosis than fibroblasts (24) . The accumulation of uv-induced dna damage is one of the factors that causes carcinogenesis. it is therefore critical to defend keratinocytes against low intensity uvB damage that results in these cells evading apoptosis.
The tumor suppressor gene p53 undergoes quantitative and qualitative modulation by various biogenic stresses, and regulates genetic transcription of its downstream genes to arrest the cell cycle, leading cells to apoptosis. in the present study, we showed that p53 was expressed 1 h after uvB irradiation, whereas MdM2 underwent transcriptional control by p53 and was expressed 1 or 2 h after p53. in addition, the maximum expression of MdM2 occurred at 10 mJ/cm 2 , whereas the maximum expression of p53 occurred at a higher irradiance level of 20-100 mJ/cm 2 . The results suggest that the increase in the total expression of p53 at 20-100 mJ/cm 2 was attributed to a more marked increase in mt-p53 rather than wt-p53 expression. Thus, p53 may be a gene expressed so rapidly that it is capable of dealing with biogenic stress, including uv irradiation.
Mutation proteins occur when damage-accumulated dna is replicated or transcribed immediately after uv irradiation. Prevention of this protein mutagenesis requires the alert and agile mobility of p53 expression. Thus, it is not surprising that p53 expression was observed as early as 1 or 2 h after uv irradiation. in addition, expression of the mdm2 gene seems to be induced by wt-p53, and MdM2 proteins bind p53 proteins and play modulating roles in the inhibition of the transcriptional ability of p53 and the decomposition of p53 proteins. The actual effective function of p53 proteins is considered to be restricted Figure 7 . In situ detection of expression of wild-type (wt)-p53 or mutationtype (mt)-p53 in Pam212 keratinocytes, as shown by immunocytochemical staining using antibodies against wt-p53 or mt-p53 protein, followed by pseudo-color processing. Cells were previously treated with or without 65 µM asc derivatives, and then irradiated with 20 mJ/cm 2 uvB. after 6 h, the cells were fixed and underwent immunocytochemical staining.
Wild-type p53
Mutated p53 until 2 or 3 h after uv irradiation, and thereafter to be inactivated by MdM2 proteins, which are generated by induction attributed to p53 itself. in contrast, the expression of p53 was reduced by irradiation with a uv intensity range greater than 100 mJ/cm 2 , corresponding to double or more the minimum erythema dose. p53 expression is markedly suppressed by uv irradiation at doses of 100-500 mJ/cm 2 . This may occur because p53 genes suffer breakdown or extensive lesions at higher uv doses, and as a result cannot be expressed. dna lesions are accumulated rather than repaired in cells irradiated with uv rays at high doses, which makes cell cycle arrest impossible due to the failure of normal wt-p53 induction. Thus, intense uv radiation exposure may contribute to malignant cellular transformation regardless of the presence of p53. in addition, it was shown that, in cells irradiated with intense uv, the expression of mt-p53 increases; however, this corresponds to diminished expression of wt-p53. Mutated or variant-type p53 is commonly found in various types of malignant tumors, and is known to lead to the dominant-negative inhibition of wild-type p53 function. using Western blot analysis (Figs. 5 and 6), the present study revealed that asc2P, but not asc, inhibited the uvB-induced expression of p53. according to immunocytochemical staining, this was composed mostly of mt-p53. it is possible that asc2P exerts a preventive effect on carcinogenesis by suppressing the dominant-negative action exerted by mt-p53 on wt-p53 through the retention of a homeostatic redox state, rather than by suppressing the uvB-induced mutation of p53 itself. Furthermore, asc2P may be responsible for the inhibition of intracellular roS, the resulting mitigation of cellular oxidative stress, dna damage suppression and the asc-based promotion of diverse hydroxylation metabolisms, including collagen triple-strand-helix formation. asc2P may also strongly suppress mt-p53 rather than wt-p53 expression.
in conclusion, the present study demonstrated that asc2P inhibited uvB-induced harmful effects such as dna damage, including cPd and 6-4PP damage, and the expression of mt-p53, concurrently with the suppression of marked wt-p53 expression. in addition, it maintained the normal cellular redox state and cell morphology.
